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Abstract. We develop a model of ultra-high energy cosmic ray (UHECR)
production via acceleration in a rotation-induced electric field in vacuum gaps in
the magnetospheres of supermassive black holes (BH). We show that if the poloidal
magnetic field near the BH horizon is misaligned with the BH rotation axis, charged
particles, which initially spiral into the BH hole along the equatorial plane, penetrate
into the regions above the BH ”polar caps” and are ejected with high energies to
infinity. We show that in such a model acceleration of protons near a BH of typical
mass 3 × 108 solar masses is possible only if the magnetic field is almost aligned with
the BH rotation axis. We find that the power of anisotropic electromagnetic emission
from an UHECR source near a supermassive BH should be at least 10-100 times
larger then UHECR power of the source. This implies that if the number of UHECR
sources within the 100 Mpc sphere is ∼ 100, the power of electromagnetic emission
which accompanies proton acceleration in each source, 1042−43 erg/s, is comparable
to the typical luminosities of active galactic nuclei (AGN) in the local Universe.
We also explore the acceleration of heavy nuclei, for which the constraints on the
electromagnetic luminosity and on the alignment of magnetic field in the gap are
relaxed.
UHECR from polar caps in BH magnetospheres 2
1. Introduction
The existence of the Greisen-Zatsepin-Kuzmin (GZK) cutoff [1, 2] in the spectrum of
UHECR, found by the HiRes experiment [3] and confirmed recently by Pierre Auger
Observatory [4], points to the astrophysical origin of the primary cosmic ray particles.
In this case most of the cosmic rays with energies above the cut-off energy E ≃ 1020 eV
should come from nearby sources located at the distance D < 100 Mpc. At the energies
∼ 1020 eV the trajectories of the cosmic ray protons are not significantly deflected by
magnetic fields, so that the UHECR should point directly to their sources. However, the
statistics of UHECR events was not enough, up to recently, to identify the populaiton
of astornomical sources, responsible for the UHECR production.
The first attempt to identify the CR sources via a direct back-tracing of UHECR
events back to their sources was reported by the Peirre Auger Observatory (PAO)
collaboration [5, 6], which found an evidence for the correlation between the arrival
directions of the UHECR and directions toward the nearby AGN. The correlation signal
was found at a rather small angles with a large number of different AGN contributing
to it, and therefore it was interpreted as caused by proton primaries. However, the
data presented in [5, 6] are not really consistent with such AGN hypothesis [7] and
correlations with AGN are absent in the more recent HiRes data [11]. Moreover, a
different interpretation of the Auger correlation signal is possible [7, 8, 9, 10], with just
a few sources (or even a single source such as Cen A) contributing in the relevant part
of the local Universe and with heavier nuclei making substantial fraction of the flux.
There is yet another difficulty with the AGN interpretation of the Auger signal. Local
ANG are weak, hosting black holes of small mass in their hearts, and without strong
jets. Acceleration of protons to highest energies in such AGN is not expected, for a
discussion of this issue with respect to the Auger signal see Refs. [12, 13, 14].
It is clear that an increase of the event statistics is will lead to further improvement
of our knowledge of the astronomical sources of UHECR. It is, however, also clear that
even with the increase of the statistics (this requires accumulation of the signal over
many years) the sensitivity of the UHECR experiments would not be enough to pin-
point the individual UHECR sources. Even if the class of the objects which produce
the observed UHECR flux would be determined (say, a certain type of AGN), only very
limited information about the location of the particle acceleration sites and physical
conditions in these sources would be extractable from the UHECR data alone.
Assuming that at least some of AGN are potential sources [15], different ”candidate”
UHECR acceleration sites can be studied in detail in relation with the Auger signal,
such as the giant radio lobes of radio galaxies [16, 17], the large scale jets [18], or
the AGN central engine. The only way to study the acceleration mechanisms in the
individual UHECR sources is to single out the signal related to the UHECR production
and propagation in the broad band electromagnetic spectrum or to detect the high-
energy neutrino emission from the source.
Recent observations of fast-variability of the very-high-energy (VHE) γ-ray emission
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from a nearby radio-galaxy M87 [19] and from several blazars, Mkn 501 [20], PKS 2155-
304 [21] strengthen the conjecture that the central engines of AGN, the supermassive
black holes (BHs), could operate as powerful particle accelerators [22, 23, 24]. The
observed variability time scales, which are of the order of, or shorter than the light
crossing times of the BH horizons, put tight constraints on the possible locations of
particle accelerators in these objects.
The compactness of the accelerators operating in the vicinity of the supermassive
BHs (the characteristic size scale is set up by the Schwarzschild radius, RSchw = 2GM ≃
3×1013 [M/108M⊙] cm, whereM is the BH mass and G is the Newton’s constant) makes
particle acceleration in these objects difficult, because of the inevitably strong energy
losses related to the synchrotron/curvature radiation of the accelerated particles (see e.g.
[25, 26, 27]). The fact that, in spite of the strong energy loss rate, these accelerators
produce electrons with energies of at least 10-100 TeV (the spectrum of the radio galaxy
M87 extends at least up to 20 TeV without a signature of a cut-off), implies that the
mechanism of acceleration operating in these objects is highly efficient [22]. An obvious
candidate for such a highly efficient (i.e. fast) acceleration mechanism is acceleration of
charged particles in a strong large scale electric field, which can be induced in the BH
magnetosphere e.g. via the rotational drag of the magnetic field by the black hole, or
in the regions of magnetic field reconnection in the accretion disk.
Large scale ordered electric fields, induced by rotation of the compact object, are
known to be responsible for particle acceleration and high-energy radiation in pulsars
(see e.g. [28]). In the case of pulsars, it is known that particles are accelerated in the
so-called ”vacuum gaps” in magnetosphere, in which the rotation-induced electric field
is not neutralized by redistribution of charges. A similar mechanism of generation of
large electric fields can be realized in the vicinity of a rotating BH [29, 30]. Moreover,
it has been argued that vacuum gaps should form also in the vicinity of a rotating BH
[31, 32, 33, 34], which means that a mechanism of particle acceleration similar to the
one operating in pulsars should work also in the BH-powered sources. The observational
consequences of acceleration in the vacuum gaps of BH magnetospheres were studied as
a possible mechanism of powering the AGN jet [31, 35, 36] and neutrino emission [37]
from AGN.
The possibility of UHECR generation near the supermassive BH in the nuclei of
normal galaxies (the so-called ”dead quasars”), was studied in the Refs. [38, 25, 27]. As
it is mentioned above, in this particular case the compactness of the source makes the
acceleration to the UHECR energies (> 1020 eV) only marginally possible. A numerical
study of the limit on the maximal energies attainable by the accelerated protons reported
in Ref. [27] has revealed that, in general, acceleration to the energies above 1020 eV is
possible only in the vicinity of the most massive BHs (with the masses of the order of
1010M⊙), which are relatively rear. Besides, such acceleration is accompanied by strong
electromagnetic emission, with a luminosity about 2-3 orders of magnitude higher than
the UHECR luminosity of the source. This implies that the electromagnetic luminosity
of each of the UHECR sources should be at the level of 1045−46/Nsource erg/s, where
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Nsource is the number of the nearby UHECR sources (a typical distance to the source
D ∼ 50 Mpc is assumed). If the number of UHECR sources is not very large, such
a luminosity is about the luminosity of the quasars. This, apparently, rules out the
model of particle acceleration near the supermassive BHs in the nearby normal galaxies
(the ”dead quasars” [38]) as a possible mechanism of UHECR production in the nearby
sources [27].
The results of the Ref. [27] were obtained for the case of acceleration of protons and
under the assumption of a general orientation of magnetic field (created by the matter
accreting onto the BH) with respect to the rotation axis of the BH.
The assumption of the absence of alignment between the direction of the magnetic
field and the black hole rotation axis was justified in the context of the dead quasar model
of environment of the supermassive BH. On the contrary, steady AGN activity in the
source would result in the production of a stationary accretion disk whose rotation axis is
almost aligned with the rotation axis of the BH [39]. Such an alignment would lead to the
alignment of the magnetic field with the BH rotation axis. In this paper we investigate
(both analytically and numerically) the consequence of alignment of magnetic field with
the BH rotation axis for the particle acceleration. We show that if the magnetic field
is aligned to within several degrees, production of ultra-high energy protons becomes
possible even for BH of moderate mass (M ∼ 108M⊙), provided that the magnetic
field is very strong (∼ 105 G). We also show that the constraint on the strength and
alignment of the magnetic field is largely relaxed in the case of acceleration of heavy
nuclei to the ultra-high energies (≥ 1020 eV).
The assumptions of alignment of magnetic field with the BH rotation axis and/or
of acceleration of heavy nuclei lead also to a decrease of the estimate of the power
of electromagnetic radiation which accompanies the acceleration. In these cases the
electromagnetic luminosity of the vacuum gap at least does not exceed the typical
luminosities of the AGN in the local Universe.
The plan of the paper is as follows. In Section 2 we discuss the possible location,
geometry and physical conditions in the vacuum gaps close to the BH horizon. To
make the presentation self-contained, we give the exact expressions for the rotation
induced electric field around a BH placed in an external magnetic field inclined with
respect to the rotation axis. In Section 3 we discuss the motion of a charged particle
in external gravitational and electromagnetic field near the black hole. In Section 4
we present the results of numerical modelling of such motion and find the dependence
of the maximal energies of protons accelerated by the rotation-induced electric field
on the main geometrical and physical parameters of the vacuum gap. We find that
for reasonable assumptions about the BH mass and the strength of magnetic field the
acceleration of protons to the UHECR energies is possible only in the case when the
magnetic field is almost aligned with the rotation axis of the black hole (it remains to be
seen if such alignment can be achieved in Nature). In Section 5 we calculate, analytically
and numerically, the electromagnetic luminosity of the gap and find that the alignment
of the magnetic field with the rotation axis reduces the the γ-ray luminosity of the gap
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(making the estimate of the electromagnetic power compatible with the estimates of the
luminosity of typical AGN in the local Universe). We find that, apart from the boosting
of the maximal energies of accelerated particles and reduction of the electromagnetic
power, the alignment of the magnetic field with the rotation axis results in reduction
of the probability of the onset of pair production inside the gap which would lead to a
“discharge” of the gap and neutralization of the large scale electric field. In Section 6
we explore the acceleration of heavy nuclei in the vacuum gaps and show that, contrary
to the case of proton acceleration, the energies of nuclei can reach 1020 eV already at
moderate magnetic field strength and in the absence of alignment of the magnetic field
with the rotation axis. Finally, in Section 7 we summarize our results.
2. Vacuum gaps in the BH magnetosphere
2.1. Black hole magnetosphere
In the models of the most powerful AGN, accretion is assumed to proceed at nearly
the maximal possible (Eddington) rate at which the gravitational attraction by the BH
starts to be balanced by the pressure of radiation produced by the accretion flow. In
this regime the accretion flow forms a geometrically thin, optically thick accretion disk
[40], emitting thermal radiation, which, in the case of AGN, is usually identified with
the so-called ”big blue bump” in the ultra-violet part of the AGN spectrum. When
the accretion rate onto the BH is sufficiently below the Eddington rate, the accretion
proceeds in a ”radiatively inefficient” regime, in which most of the released gravitational
energy of the accreting matter is converted into the internal energy, rather than into
the radiation. This energy is subsequently advected by the BH or ejected with a matter
outflow [41]. In this regime, large internal energy of matter does not allow formation of
a gemetrically thin accretion disk. Instead, the accreting matter forms a hot, optically
thin gaseous torus around the BH [42].
In both accretion regimes, the structure of the accretion flow close to the black
hole is significantly affected by the presence of strong magnetic field. The details of the
structure of magnetic field play, in fact, determining role in the dynamics of matter in
the regions in which the magnetic field energy density UB = B
2/8π dominates over the
kinetic energy density of the accreting matter Uk = ρv
2/e, i.e. in the regions where the
magnetization parameter σ = UB/Uk > 1. Even though the density of matter in the
magnetized regions is very low, it is usually supposed to be sufficient to neutralize the
large scale electric field component parallel to the magnetic field lines, which otherwise
would be induced by the rotation of the magnetic field and of the space-time around the
black hole (see below). The characteristic charge density needed to neutralize the parallel
component of electric field in the magnetosphere of a BH of the mass M rotating with
an angular velocity ~Ω placed in an external magnetic field ~B is the so-called ”Goldreich-
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Julian” density [43]
nq ∼
~Ω · ~Bord
e
∼ aBord
e(GM)2
(1)
where G is the gravitational constant, e is the charge of electron and a is the BH angular
momentum per unit mass (we use the Natural Units c = ~ = 1 throughout the paper). If
the density of the plasma in the large magnetization regions is above nq, the plasma and
magnetic fields in the high-magnetization regions form the ”force-free” magnetosphere
(in which the electric field is everywhere orthogonal to the magnetic field).
Charged particles can be supplied to the force-free magnetosphere in several ways.
First, if the accretion flow generates a poloidal magnetic field penetrating through the
accretion disk, particles bound to the magnetic field could be accelerated by a centrifugal
force and escape along the poloidal magnetic field lines to the high-magnetization regions
and further into a directed outflow [44] (this mechanism is often suggested as the
mechanism of launching of collimated jet from the BH). Injection of plasma via such
mechanism is possible only along the magnetic field lines at which the centrifugal force
dominates over the gravitational force. This condition is not satisfied in the regions
close to the black hole horizon and/or close to the black hole rotation axis. This can
lead to the deficiency of supply of charged particles and formation of ”vacuum gaps” in
the force-free magnetosphere.
Once the ”force-free” conditions in the vacuum gap in BH magnetosphere are
broken, the presence of a non-zero component of electric field parallel to the magnetic
field lines starts to provide a further obstacle for the charge supply in the magnetosphere,
leading to a growth of the vacuum gap size. The process of the growth of the vacuum gap
can terminate only if the large enough electric field in the gap leads to its ”discharge”,
similar to the discharge in a capacitor.
The discharge of the gap can provide an additional mechanism of supply of charged
particles into the magnetosphere. This mechanism is similar to the one operating in
pulsar magnetospheres: particles accelerated in the vacuum gaps can generate e+e−
pairs via pair production in interactions with the magnetic or radiation fields. Such
a mechanism of charge supply is implied e.g. in the Blandford-Znajek scenario, [33].
The efficiency of this mechanism of charge supply strongly depends on the strength and
inclination of the magnetic field (see section 5.3 below). The efficiency of the charge
supply via the pair production by γ-rays on the soft infrared background depends on
the compactness of the infrared source (∝ LIR/R) [22].
Strictly speaking, the geometry and the structure of electromagnetic field in the
vacuum gap in the magnetosphere can be derived only from numerical modeling of the
process of formation of the gap. Such a numerical modeling is a complicated task,
because the existing numerical codes for modelling of the black hole magnetospheres
are based on the explicit assumption of the force-free conditions, which simplify the
numerical calculations [45]. In fact, the numerical codes have an upper limit on plasma
magnetization above which they fail. Because of this difficulty, the existing numerical
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codes always include an artificial injection of free charges in the points where the vacuum
gaps should normally form [45].
At the same time, some of the qualitative features of the particle acceleration in
the vacuum gaps could be established via analytical /numerical calculations done in
the approximation opposite to the approximation of the force-free magnetosphere, i.e.
neglecting the possible non-zero particle density in the vacuum gap. In what follows we
adopt such an approximation, leaving the self-consistent calculations of the vacuum gap
geometry and particle acceleration in the vacuum gap to the future work.
2.2. Rotation-induced electric field.
A rotating BH placed in an external magnetic field generates an electric field of
quadrupole topology via a mechanism similar to the mechanism of generation of a
quadrupole electric field by a rotating dipole magnetic field in the case of a neutron
star. The only difference is that in the case of the black hole the rotation of external
magnetic field arises due to a rotational drag of external magnetic field, rather than due
to the rotation of the star.
An exact solution of Maxwell equations in the background of Kerr space-time of
a rotating BH is known for the case of arbitrary inclination angle of an asymptotically
homogeneous magnetic field [29, 30]. In this solution, the rotational drag of magnetic
field by the BH leads to the generation of a large scale electric field close to the BH
horizon. This solution can be a first approximation for description of the structure of
electromagnetic field in the vacuum gap in the black hole magnetosphere. It is clear,
however, that the presence of charge-separated plasma around the gap will, in general,
lead to modification of the electromagnetic field structure.
A rotating BH is described by two parameters: its mass M and the angular
momentum per unit mass a < M (we use the system of units in which the Newton’s
constant GN and the speed of light c are equal to 1). The geometry of space-time in
the vicinity of the horizon is described by the Kerr metric [46]
ds2 = −α2dt2 + gik
(
dxi + βidt
) (
dxk + βkdt
)
(2)
α =
ρ
√
∆
Σ
; grr =
ρ2
∆
; gθθ = ρ
2; gφφ =
Σ2 sin2 θ
ρ2
; (3)
βφ = −2aMr
Σ2
; ∆ = r2 + a2 − 2Mr; (4)
Σ2 = (r2 + a2)2 − a2∆sin2 θ; ρ2 = r2 + a2 cos2 θ (5)
The horizon is situated at rH = M +
√
M2 − a2.
The solution of the Maxwell equations which corresponds to the asymptotically
homogeneous magnetic field inclined at angle an χ with respect to the BH rotation axis
is given by the electromagnetic tensor [30]
Ftr =
aMB0
ρ4∆
[
cosχ∆(r2 − a2 cos2 θ)(1 + cos2 θ)+
UHECR from polar caps in BH magnetospheres 8
sinχr sin θ cos θ
{
(r3 − 2Mr2 + ra2(1 + sin2 θ) + 2Ma2 cos2 θ) cosψ−
a(r2 − 4Mr + a2(1 + sin2 θ)) sinψ}]
Ftθ =
aMB0
ρ4
[
2 cosχr sin θ cos θ(r2 − a2)+
sinχ(r2 cos 2θ + a2 cos2 θ)(a sinψ − r cosψ)]
Ftφ =
B0 sinχaM
ρ2
sin θ cos θ(a cosψ + r sinψ)
Frθ = − B0 sinχ(a cosψ + r sinψ)−
B0 sinχa
∆
[
(Mr − a2 sin2 θ) cosψ − a(r sin2 θ +M cos2 θ) sinψ]
Frφ = B0 cosχr sin
2 θ + a sin2 θFtr −
B0 sinχ sin θ cos θ
[(
r − a2M/∆) cosψ − a (1 + rM/∆) sinψ]
Fθφ = B0 cosχ∆sin θ cos θ +
(r2 + a2)
a
Ftθ +B0 sinχ
[
(r2 sin2 θ +Mr cos 2θ) cosψ−
a(r sin2 θ +M cos2 θ) sinψ
]
(6)
where
ψ = φ+
a
2
√
M2 − a2 ln
[
r −M +√M2 − a2
r −M −√M2 − a2
]
. (7)
In order to understand the qualitative features of an electromagnetic field
configuration in a curved space-time (like the one of the rotating BH) it is convenient
to consider the field geometry in a locally Lorentzian reference frame. In the case of
Kerr space-time it is convenient to choose the so-called “locally non-rotating” reference
frame (LNRF), spanned by the orthonormal basis vectors [46]
e0ˆ =
Σ
ρ
√
∆
∂
∂t
+
2Mar
Σρ
√
∆
∂
∂φ
;
erˆ =
√
∆
ρ
∂
∂r
;
eθˆ =
1
ρ
∂
∂θ
;
eφˆ =
ρ
Σ sin θ
∂
∂φ
. (8)
In this reference frame the magnetic and electric field vectors are expressed through the
components of the tensor of electromagnetic field Fµν , given by Eq. (6), as
B rˆ =
Fθφ
Σ sin θ
; B θˆ = −
√
∆Frφ
Σ sin θ
; Bφˆ =
√
∆Frθ
ρ2
(9)
E rˆ =
ΣFtr − arFrφ/Σ
ρ2
; E θˆ =
ΣFtθ − arFθφ/Σ
ρ2
√
∆
; Eφˆ =
Ftφ√
∆sin θ
(10)
The expressions for electric and magnetic field simplify in the case of a magnetic
field aligned with the BH rotation axis, χ = 0. The solution of Maxwell equations for
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Figure 1. Magnetic (blue solid) and electric (red solid) field lines of the field (6) for
a =M and χ = 0. The horizon is situated at r = 0.5(Rgrav) =M . Wide blue and red
arrows show the directions of acceleration of electrons and protons in different regions.
Thick solid and dashed lines show the conical and equatorial “force-free” surfaces.
Blue-shaded region shows the location of a vacuum gap into which particles from the
equatorial accretion flow can leak if χ > 0.
this particular case was initially reported in the Ref. [29]. Fig. 1 shows the geometry
of electric and magnetic field lines for χ = 0 in the case of a maximally rotating BH
a = M . Taking the asymptotic expression for ~E, ~B in the limit r → ∞ one can find
that far away from the horizon the electromagnetic field is
B rˆ → B0 cos θ; B θˆ → −B0 sin θ
E rˆ → − B0aM(3 cos
2 θ − 1)
r2
; E θˆ = O(r−4). (11)
The electric field has a quadrupole geometry, which is clearly visible in Fig 1.
In the regions where electric field has a component along the magnetic field, charged
particles can be accelerated. Particles of opposite charge sign are accelerated in opposite
directions. The acceleration can be avoided only if a particle resides at a surface at which
the electric field is orthogonal to the magnetic field (which can be called the “force-free”
surfaces), such as the surfaces shown by thick solid and dashed black lines in Fig. 1.
The force-free surfaces separate different acceleration regions (with electric field directed
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Figure 2. Evolution of the structure of the force-free surfaces with the increasing
misalignment of the magnetic field. The equatorial force-free surface, shown by the
dashed line, ”reconnects” with the conical force-free surfaces (solid lines) at non-zero
inclination angles. Three top panels show the view in the xz plane for the inclination
angles χ = 0◦, χ = 1◦ and χ = 10◦. The bottom panels show the view in the xy plane
(just above the equatorial plane, at z = 0.01RSchw) for the same inclination angles. The
spiral-like reconnection surfaces, which would be visible if the plane z = −0.01RSchw
would be chosen, are shown by the black dashed curves in the middle and right lower
panels. White (grey) areas show the regions where the electric field component along
the magnetic field lines has positive (negative) sign. Black circles show the horizon of
a maximally rotating BH. Depending on the charge sign, particles in-spiralling toward
the BH along the equatorial force-free surface are either ejected to infinity (positively
charged particles in this figure, whose typical trajectories are shown by red curves) or
are trapped in the region between two force-free surfaces.
along or oppositely to the magnetic field), shown as white ( ~E· ~B > 0) and grey ( ~E· ~B < 0)
areas in Figs. 1, 2.
As one can see from Fig. 1, the force-free surfaces serve as “attractors” to the
particles of a definite charge sign. In the case of magnetic field aligned with the
rotation axis, shown in Fig. 1, the surface attracting the positively charged particles
(the equatorial plane surface) does not intersect with the force-free surface attracting
negatively charged particles (shown by the thick solid black curve). However, as soon as
the inclination angle of the magnetic field becomes non-zero, the two force-free surfaces
“reconnect” as it is shown in Fig. 2. At moderate inclination angles of the magnetic
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field, the reconnection region is situated close to the equatorial plane, near the BH.
The width of the reconnection region grows with the increasing inclination angle. In
the following sections we show that charged particles which spiral toward the BH in
the equatorial plane, can be accelerated and ejected to infinity when they reach the
reconnection region.
2.3. Geometry and location of the vacuum gap(s).
In the electromagnetic field configuration around the BH discussed in the previous
section the vacuum gap forms in the region above the BH “polar cap”, if the free
charges which can fill the magnetosphere are supplied by the equatorial accretion disk.
Extraction of the free charges from the equatorial disk by the rotation-induced electric
field will result in the formation of a region filled with electrons, above and below the
equatorial disk, up to the conical force-free surface, shown by the black solid thick curve
in this figure. However, if the magnetic field is aligned with the rotation axis, the region
above the “polar cap” of the BH will remain free of charge, because there is no way to fill
this region via extraction of charges from the equatorial disk. Only if the magnetic field
is mis-aligned with the BH rotation axis, the free charges from the equatorial disk can
“leak” into the polar cap passing through the “reconnection” region of the two force-free
surfaces, as it is shown in Fig. 2. This will result in charge supply into the region above
the “polar cap”, which is shown as a blue-shaded region in Fig. 1. However, any charged
particle which penetrates into this region, escapes to infinity along the magnetic field
lines, so that the charge distribution in this region should be constantly “refilled” via
the “leakage” from the equatorial force-free surface.
In principle, the re-distribution of the charges supplied from the accretion disk will
modify the structure of the electromagnetic field around the BH. The exact location of
the vacuum gap(s) in the BH magnetosphere can be found only via numerical modeling
of the charge supply and formation of the force-free magnetosphere. Such modeling is
difficult already in the case of pulsars, where several “candidate” sites for the vacuum
gap locations are considered, such as the magnetic polar cap regions, “slot gaps” at the
boundaries of regions filled with positively and negatively charged plasma, “outer gaps”
close to the light cylinder etc (see e.g. [28]). In the case of the black holes, modeling of
the formation of the force-free magnetosphere has an additional difficulty, because the
location of the gap can depend on the geometrical pattern of the accretion flow. The
gap model considered in the previous section can serve as a useful “toy model” for the
gap geometry.
Within this ”toy model” the gap has a particular geometry shown in Fig. 1.
Charged particles ”leak” from the accretion disk through the region of ”reconnection”
of the force-free surfaces (see Fig. 2). The gap is situated above the BH “polar cap”
and extend along the magnetic field lines up to the height H above the BH horizon. We
consider particle acceleration in a gap of such geometry, to establish qualitative features
of the vacuum gap acceleration mechanism. Our results can be then generalized, in a
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straightforward way, to the more complicated (and more realistic) models of vacuum
gaps in the black hole magnetosphere.
3. Particle acceleration in the vacuum gap
3.1. General properties of particle motion in the vacuum gap
The electromagnetic field in the vacuum gap consists of electric and magnetic field
which are, in general, inclined at a non-zero angle with respect to each other. General
properties of particle motion in such electromagnetic field and in the curved space-time
around the BH can be readily understood.
Qualitatively, a particle moving in a magnetic field spirals around the magnetic
field lines with a gyro-radius
Rgyro =
E
qB0
≈ 102
[
104 G
B0
] [
E
1 GeV
]
cm (12)
where E is the energy of the particle and q is its charge. For a particle with an energy
E ≪ 1020 eV the gyro-radius is normally essentially less than the scale of variation of
the electromagnetic field which is of order of RSchw = 3 × 1013 [M/108M⊙] cm. This
gyro-radius distance scale is also much smaller than the scale at which particle trajectory
is significantly affected by the gravitational field of the black hole (which is also about
RSchw). Therefore, one could separate the distance scales at which electromagnetic
and gravitational forces are important. At small scales (≪ RSchw) one can locally
approximate particle trajectories as motion in the crossed magnetic and electric fields,
forming the field configuration described in the Section 2.2.
The motion of a charged particle in such electromagnetic field is composed of the
spiraling along the magnetic field lines and the orthogonal drift with velocity
vdrift =
~E × ~B
| ~B|2
(13)
Since in the case of interest |E| ∼ |B|, vdrift ∼ c and, in general, particle trajectories
significantly deviate from a simple spiraling along the magnetic field lines. For example,
the drift velocity of particles moving in the equatorial plane near the black hole placed
in the magnetic field, aligned with the black hole rotation axis, is directed along a circle
around the black hole, so that the particles drift along the circular trajectories (red
circle in the left bottom panel of the Fig. 2). If the magnetic field is slightly mis-aligned
with the rotation axis, the particles spiral into (or away from) the black hole, rather
than move along the circular orbits (red curves in the middle and right bottom panels
of the Fig. 2). The particles, which spiral in, reach the region of “reconnection” of the
force-free surfaces (red dots in Fig. 2) and are finally either ejected into the “polar cap”
region or fall under the BH horizon.
Apart from spiraling along the magnetic field lines and drift across the field lines,
particles can be accelerated by the electric field. Only the presence of electric field
component along the magnetic field line can lead to the increase or decrease of particle
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energy. Obviously, positively charged particles are accelerated in the direction opposite
to the direction of acceleration of negatively charged particles. Depending on the
location of the point of injection of a low-energy particle (e.g. proton or electron)
into the reconnection region, the particle can be accelerated in such a way that it either
escapes “to infinity” along the direction of magnetic field lines, or it is trapped in a
finite region between the neighbouring force-free surfaces close to the horizon.
3.2. Maximal energies of accelerated particles
Neglecting the energy losses, the maximal energies attainable for nuclei of the charge
Ze are determined by the available potential difference in the gap, U ∼ ER ∼ aBR,
Emax = ZeBR ≃ 1020Z
[
B
104G
] [
M
108M⊙
]
eV. (14)
In a realistic situation the energy losses of the accelerated particles (e.g. on the
electromagnetic radiation associated with the accelerated motion of the particle) limit
the maximal energies to the values below the estimate of Eq. (14).
In particular, the accelerated nuclei inevitably suffer from the curvature radiation
loss
dE
dt
= − 2Z
2e2E 4
3A4m4pR
2
, (15)
where mp is the proton mass and A is the atomic number. In the electromagnetic field
configuration (6), describing a magnetic field almost aligned with the BH rotation axis,
the curvature radius of magnetic field lines in the gap scales roughly as R ≃ RSchw/χ.
Equating the acceeration rate dE/dt ∼ ZeB to minus the energy loss rate (15), one
appears at the following estimate of the maximum energy,
Ecur =
[
3A4m4R2B
2Zeχ2
]1/4
≃
8× 1019AZ−1/4
[
M
108M⊙
]1/2 [
B
104 G
]1/4 [ χ
1◦
]−1/2
eV. (16)
The range of applicability of Eq. (16) is given by the condition B > Bcrit, where Bcrit is
found from the requirement Ecur = Emax:
Bcrit =
[
3A4m4p
2Z5e5R2χ2
]1/3
≃ 104A4/3Z−5/3
[
M
108M⊙
]−2/3 [ χ
1◦
]−2/3
G. (17)
This critical field corresponds to particle energy
Ecrit ≈ 1020A4/3Z−2/3
[
M
108M⊙
]1/3 [ χ
1◦
]−2/3
eV, (18)
The above estimates show that it is possible to accelerate protons or heavier nuclei
to the energies about 1020 eV in the central engines of typical AGNs, with the BH
masses around 108 solar masses. The necessary condition for such acceleration is that
the curvature radius of particle trajectories should be much larger (by a factor 1/χ)
than RSchw. This can be achieved in the “polar cap” regions, if the magnetic field is
moderately misaligned with the BH rotation axis.
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4. Numerical modeling of particle acceleration in the gap
In order to study the dependence of the maximal energies of the accelerated particles
on the parameters of the model (in particular, on the BH mass M , magnetic field B
and inclination angle χ of the magnetic field with respect to the BH rotation axis),
we have developed a numerical code which traces the particle trajectories through the
electromagnetic field configuration described in Section 2 with the account of the energy
loss on the emission of synchrotron/curvature radiation. To study the electromagnetic
luminosity of the vacuum gap we also model the propagation of photons emitted by the
accelerated particles through the BH space-time.
4.1. Numerical code
We have developed a numerical code to model charged particle motion in the curved
space-time and in the electromagnetic field configuration described Section 2.2. For this
we have first written the equations of motion of a charged particle in the LNRF (see
Eq. 8) [47]
d~p
dtˆ
= e( ~E + ~v × ~B) +mγ~g + Hˆ~p+ ~frad (19)
where ~p is the particle momentum
paˆ = mγvaˆ (20)
(hats denote the vector components in the LNRF) ~g is the gravitational acceleration
and Hˆ is the tensor of gravi-magnetic force. The force ~frad is the radiation reaction
force and vaˆ is the 3-velocity of the particle in the LNRF. Next, taking into account
the fact that the motion of a charged particle involves many distance scales, from the
gyroradius Rgyro (12) up to RSchw, we have found that a step of the numerical integration
is determined by the smallest scale involved (Rgyro most of the time). At this length
scale the motion of the particle can be modelled in the LNRF by a numerical integration
of Eqs. (20). Using the book [48], we have written a code, which integrates the above
equations numerically. The elementary step of the numerical integration increases or
decreases along the particle trajectory, together with the increase or decrease of the
energy of the particle (see Eq. 12).
The radiation reaction force ~frad for the ultra-relativistic particles moving in
external electromagnetic field is (see, e.g. [49])
~frad =
2e4γ2
3m2
(
( ~E + ~v × ~B)2 − (~v · ( ~E + ~v × ~B))2
) ~v
|v| (21)
Note that if particles move at large angle with respect to the magnetic field lines, this
expression will describe mostly synchrotron energy loss. However, in the case when
particles move almost along the magnetic field lines, the last equation will ”mimic” the
effect of curvature energy loss.
We follow the particle trajectories during the phase of in-spiralling along the
equatorial plane and subsequent propagation inside the vacuum gap. The particles
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are supposed to be initially at rest, with respect to the LNRF. Particles are initially
injected in the equatorial plane (to mimic the injection from the thin accretion disk).
To study the electromagnetic emission from the accelerated particles we calculate,
at each step of the integration of particle trajectory, the energy and power of
synchrotron/curvature emission and ascribe this energy and power to a nominal
”photon” which is emitted along the direction of the particle motion. We subsequently
trace the trajectory of each emitted photon from the emission point to infinity by
integrating the equations of the geodesics of the Kerr metric.
Charged particles which reach the outer boundary of the gap, escape along the
geodesics of the Kerr metric. The motion along the time-like geodesics o the Kerr
metric is determined by the equations [50]
r2r˙ =
√
T 2 −∆(µ2r2 + (Φ− aE)2)
r2φ˙ = Φ− aE + aT/∆
r2t˙ = aΦ− a2E + (r2 + a2)T/∆ (22)
where E and Φ are the integrals of motion, which correspond to the conserved energy
and angular momentum, µ is particle mass and T is defined as T = E(r2 + a2) − Φa.
In the following, the cited energies of particles ejected from the gap are always the
”energies measured by an observer at infinity”, i.e. the integrals of motion E, which
enter the geodesic equations (22).
4.2. Dependence of the maximal energy on the gap parameters
In this section we study dependence of maximum energy to which protons can be
accelerated on the geometry of the gap, namely, on the basic parameters of the model:
the gap height H , the inclination of magnetic field with respect to the BH rotation axis,
χ, the BH mass M and on magnetic field strength B.
Fig. 3 shows the dependence of maximum energy of accelerated protons on the gap
height H . We set the inclination angle of magnetic field χ = 3◦. One can see that for
the assumed BH mass, MBH = 3×108M⊙, the acceleration to the energies above 1020 eV
is possible only if the gap height is larger than H > RSchw, provided that the magnetic
field near the horizon is extremely strong, B > 3 × 104 G. One can notice that the
increase of the gap height beyond a certain field-dependent limit does not lead to the
further increase of the particle energies. This is explained by the decrease of the electric
field strength (see Eq. 11) and, as a consequence, the decrease of the acceleration rate
far from the BH. Since the magnetic field is assumed to be asymptotically constant, the
rate of the energy loss does not decrease with the distance, contrary to the acceleration
rate. The combination of the decreasing acceleration rate and steady loss rate leads to
the decrease of the particle energies at large distances. Obviously, the assumption of
the asymptotically constant magnetic field, adopted in our toy model, does not hold in
a realistic case, when the magnetic field is produced by the accreting matter.
Fig. 4.2 shows the dependence of maximum energy on the inclination angle of
magnetic field with respect to the rotation axis of the black hole, χ. In our toy
UHECR from polar caps in BH magnetospheres 16
10101010 3x 3x4 5 64 5
B [G]
0.
4
20
10
0.
8
1.
2
1.
6
  2
  4
  6
  8
10
H
 
R 
Sc
hw
[  
    
    
 ]
20
p
0
E 
[eV
]
2x
10
19
3x10
10 20
19
10
Figure 3. Energies of protons ejected from the vacuum gap (measured by an observer
at infinity), as a function of the gap heightH and magnetic field B. The parameters are:
BH massM = 3×108M⊙, rotation moment per unit mass a = 0.99GM , the inclination
angle of magnetic field χ = 5◦. Protons are initially injected in the equatorial plane at
the distance R = 1.4rH from the BH.
model, particles are initially supplied by the equatorial accretion disk, so that the initial
positions of the particles are in the equatorial plane. One can see that the acceleration
to the energies above 1020 eV close to a BH of the mass 5 × 108M⊙ is possible only
if χ ≪ 1. The increase of the misalignment between the magnetic field and the BH
rotation axis leads to the decrease of the maximal energies and to the increase of the
power of electromagnetic emission which accompanies the acceleration process ((cyan
dashed curves in this Figure are marked by the value of the ratio of the electromagnetic
luminosity, LEM to the UHECR luminosity, LUHECR).
The requirement on the alignment of the magnetic field can be somewhat relaxed in
the case of higher black hole mass or still higher magnetic field strength. In fact, since,
in the ”energy loss saturated” regime the maximal energy grows as B1/4M1/2 (see Eq.
16), the increase of the magnetic field by an order of magnitude results just in a slight
correction of the maximal allowed misalignment angle, while an order of magnitude
heavier black hole accelerates particles to just a factor of 3 higher energies.
This is clear from Fig. 5 in which the dependence of the particle energies on the
magnetic field and the BH mass is shown. From this Figure one can see that at the
energies E ≥ 1020 eV the relation (16) holds, so that at the levels E = const one
has M ∼ B−1/2. For a 109M⊙ BH the energy 1020 eV is attainable already when the
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Figure 4. Energies of protons ejected from the vacuum gap (measured by an observer
at infinity), as a function of the inclination angle of magnetic field, χ and of the
magnetic field strength B. The parameters of the calculation are: M = 3 × 108M⊙,
a = 0.99GM ,H = 5RSchw. Dashed cyan contours show the ratio of the electromagnetic
to cosmic ray luminosity for the particular gap parameters.
magnetic field is B ∼ 104 G. However, the further increase of the magnetic field by two
orders of magnitude, up to B ∼ 106 G, results in an increase of the particle energies
just by a factor of 2.
5. Electromagnetic emission from the gap
5.1. Direct γ-ray emission from the particle acceleration in the gap
Protons accelerated near the BH horizon in the gap can produce γ-ray emission in the
VHE band through several radiation mechanisms. For example, TeV emission can be
synchrotron or curvature γ-ray emission which accompanies proton acceleration [25, 27].
The energy of curvature photons produced by protons accelerated to the energy Ecurv,
given by Eq. (16), is and
ǫcurv,p ≃ 2
[
Ecurv
1020 eV
]3 [
M
3× 108M⊙
]−1 [ χ
1◦
]
TeV (23)
Thus, particle acceleration activity of the gap should reveal itself through the γ-ray
emission in the very-high-energy (VHE) band. Fig. 6 shows numerically calculated
dependence of the maximal energies of the γ-rays emitted by the gap on the physical
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Figure 5. Maximal energy of protons ejected from the vacuum gap (measured by
an observer at infinity), as a function of the BH mass M and magnetic field B. The
parameters are: a = 0.99GM , χ = 5◦, H = 5RSchw. Particles are initially injected in
the equatorial plane at the distance R = 1.4rH from the BH.
parameters of the gap, M,B. One can see that for the range of parameters at which
UHECR production is possible (i.e. above the thick white line with the mark ”1020” in
this figure) the maximal energies of the γ-rays reach 1 − 100 TeV. Combining Eqs. 16
and 23 one can find that ǫcurv,p ∼M1/2B3/4 so that the lines ǫcurv,p = const correspond
to M ∼ B−3/2 in the figure.
The ”direct” γ-ray emission from the vacuum gap is highly anisotropic (in fact the
opening angle of the emission cone is determined not only by the width of the gap, but
also by the deflections of the γ-ray trajectories by the BH gravitational field. Fig. 7
shows the angular distribution of the average energies of the γ-rays emitted by particles
accelerated in the gap. The highest energy photons are emitted in the direction of the
magnetic field. The in-spiralling particles penetrate into the reconnection region mostly
from the two opposite directions in the equatorial plane, in which the reconnection of
the force-free surfaces starts at the largest distance (see the bottom panels of Fig. 2).
This explains the appearance of the two emission regions at the opposite sides of the
black hole. The highest energy γ-rays are emitted in the directions of the southern and
northern poles, along the direction of the magnetic field. Lower energy photons emitted
closer to the equatorial plane are more strongly deviated and absorbed by the BH. A
characteristic anisotropy of the γ-ray emission from the gap is preserved even if the
magnetic field is not aligned with the BH rotation axis (see e.g. [22]).
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Figure 6. Color and cyan contours: maximal energy of gamma quanta produced by
the accelerated protons in the vacuum gap (measured in the LNRF), as a function of
the BH mass and magnetic field. White contours show the maximal energies of the
accelerated protons (see Fig. 5). Dashed line shows the values of M,B at which the
pair production in the magnetic field sets on on the distance scale of the inhomogeneity
of the magnetic field. The parameters are: a = 0.99GM , χ = 5◦, H = 5RSchw. Protons
are initially injected in the equatorial plane at the distance R = 1.4rH from the BH.
In most of the sources the magnetic field in the gap is not aligned with the
line of sight toward the source, so that the direct γ-ray emission from the gap is
not detectable. However, the 0.1-100 TeV γ-ray flux from the gap can be efficiently
”recycled” and ”isotropized” via the development of electromagnetic cascade in the
infrared-to-ultraviolet photon background in the source (see e.g. [22]). This should lead
to the redistribution of the primary γ-ray power over the lower energy photons, from
radio to softer γ-rays.
The details of the spectrum and anisotropy properties of the lower-energy
electromagnetic emission from the cascades depend on the details of the soft photon
and particle distributions, as well as on the (largely uncertain) structure of magnetic
fields in the cascade regions. Calculation of these details has to take into account
observational constraints on the matter, radiation and magnetic field properties in the
source and in its surrounding medium (the accretion flow, the AGN jet, the interstellar
medium of the source host galaxy etc). Recent observations of the γ-ray emission from
radio galaxies and blazars indicate that electromagnetic cascades initiated by the very-
high-energy γ-rays [35, 24] and/or by the accelerated protons [59, 60, 24] could play an
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Figure 7. Anisotropy pattern of the γ-ray emission from the gap. The parameters
are: a = 0.99GM , χ = 5◦, H = 5RSchw.Particles are initially injected in the equatorial
plane at the distance R = 1.4rH from the BH.
important role in the physics of the AGN jets.
5.2. Power of direct γ-ray emission from the gap
The UHECR data [3] imply that the total flux of the cosmic rays above the cut-off at
E ∼ 1020 eV is about‡
F (E > 1020 eV) ≃ (0.3÷ 1)× 10−12 erg/cm2s (24)
If this flux is produced by Nsource ∼ 100 UHECR sources at the distances D ∼
50÷ 100 kpc, the typical luminosity of an UHECR source is about
Lsource ≃ (1040 ÷ 1041)
[
100
Nsource
]
erg/s (25)
Such an estimate should be compared to an estimate of the power of the UHECR
emission by a typical vacuum gap close to a supermassive BH in AGN, which can be
obtained in the following way. At small inclination angles χ the area of the region of the
‡ This estimate is almost an order of magnitude lower than the one used in the Ref. [27] which relied
on the AGASA data which did not show a signature of cut-off.
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reconnection of the force-free surfaces in the equatorial plane (see Fig. 2) is estimated
as A ∼ 2πr2H sinχ. The maximal rate of injection of the charged particles into the gap
through the reconnection region is
Rmax ≃ nGJA (26)
where nGJ is filled with the Goldreich-Julian density, given by the Eq. 1. The energy
of each particle ejected from the gap is Ecurv, given by the Eq. 16. This means that the
maximal cosmic ray power of the gap is
LCR,max ≃ RmaxEcurv ≃ 6×1042AZ−5/4
[
M
108M⊙
]3/2 [
B
104 G
]5/4 [ χ
1◦
]1/2
erg/s(27)
where we have assumed θ ≃ χ. Comparing the estimate (25) to (27) one can see that
the necessary cosmic ray power of the vacuum gaps near the supermassive BHs can
be achieved already when the charged particles are injected into the gap at the rate
∼ (0.01− 0.1)Rmax.
If the sources of UHECR are supermassive BHs in the centers of galaxies, the
acceleration to the energies above 1020 eV is possible only in the “loss saturated”
regime, in which the acceleration rate is balanced by the energy loss rate, for most
of the trajectory of the particle. This means that the power of electromagnetic emission
from the gap dominates over the power emitted in the form of the high-energy particles.
Even in the case of the almost aligned magnetic field, considered in this paper, the
power of electromagnetic emission from a (several)× 108M⊙ BH is at least by a factor
of 10 ÷ 50 larger than the UHECR power, as soon as the energy 1020 eV is reached
(see Fig. 8). From this figure one can see that the lines LEM/LUHECR = const roughly
correspond toM ∼ B−3/2. This behaviour is readily explained, if one takes into account
that a simple estimate of LEM/LUHECR can be obtained by comparing the total available
potential difference in the gap to its fraction, spent on the particle acceleration (rather
than on the electromagnetic emission)
LEM
LUHECR
≃ Emax
Ecur
≃ 1Z5/4A−1
[
M
108M⊙
]1/2 [
B
104 G
]3/4 [ χ
1◦
]1/2
(28)
(the above equation is valid if Ecur < Emax).
If the magnetic field is aligned with the rotation axis, χ ≪ 1, the estimate of the
electromagnetic power is much lower than the one found for a general case of misaligned
magnetic field in the Ref. [27]. This means that a typical electromagnetic luminosity of
a nearby UHECR source is
LEM, source ≥ (10÷ 100)Lsource ∼ (1041 ÷ 1043)
[
100
Nsource
]
erg/s (29)
Such a luminosity is at the level of the luminosities of the AGN in the local Universe.
The primary power emitted in the form of the VHE γ-rays is, most probably,
recycled via the cascading on the infrared backgrounds in the AGN central engine and in
the host galaxy of the source. The cascading leads to the isotropization of the secondary
emission, so that an observer is still able to detect a certain fraction of the primary power
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Figure 8. Ratio of the electromagnetic to the cosmic ray power of the gap, as a
function of the BH mass M and magnetic field B. White contours show the maximal
energies of the accelerated protons (see Fig. 5). The parameters are: a = 0.99GM ,
χ = 5◦, H = 5RSchw. Particles are initially injected in the equatorial plane at the
distance R = 1.4rH from the BH.
in the form of lower energy (e.g. synchrotron or inverse Compton) photons from the
electromagnetic cascade.
5.3. Maximal height of the vacuum gap
The VHE γ-rays emitted by the accelerated particles can be absorbed in interactions
with soft background photons or with magnetic fields. e+e− pairs produced in these
interactions could initiate a development of electromagnetic cascade in the gap which
finally can “short circuit” the vacuum gap and neutralize the parallel component of
the electric field via charge redistribution. Similarly to the case of vacuum gaps in the
pulsar magnetospheres, the condition that the high-energy gamma-ray quanta emitted
from the gap do not produce e+e− pairs either in interaction with the strong magnetic
field or with the soft background photons can limit the height of the gap. Requiring that
the gap height H is smaller than the mean free path of a γ ray through the magnetic
field, one finds [51]
H ≤ DBγ ≈ 95
[
104 G
B⊥
]
exp(8m3e/3B⊥ǫcurv) cm (30)
In the case when the magnetic field is almost aligned with the black hole rotation
axis, the γ-rays are emitted along the direction of propagation of the accelerated
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particles, which, in turn, move along the magnetic field lines. For small inclination
angles, the curvature radius of the magnetic field lines in the vacuum gap above the
magnetic poles could be estimated as RB ∼ RSchw/ sin(χ). This means that the typical
normal component of the magnetic field encountered by the γ-rays propagating inside
the gap is
B⊥ ∼ B sinχ (31)
so that for the case χ ∼ 1◦, considered here, the magnetic field component orthogonal to
the particle and γ-ray velocity is some 2 orders of magnitude weaker than the parallel
one. This means that even if the magnetic field in the vacuum gap is very strong,
B ∼ 106 G, the typical mean free path of the γ-rays is larger than the characteristic
distance scale of the problem (the Schwarzschild radius, RSchw). Thus, in the considered
case of the gap with “aligned” magnetic field, the pair production is not important
over the entire range of BH masses studied in this paper. To check this conclusion we
have included in the numerical code a calculation of the mean free path of the γ-rays
emitted at each step of the particle trajectory and checked that the condition (30) is
never violated when the acceleration to the energies above 1020 eV is possible in the
range of parameters M,B,H and χ considered above.
Instead, in a realistic situation, the height of a vacuum gap with aligned magnetic
field is most probably limited by the large-scale variations of the magnetic field, created
by the accretion flow. Assuming that the magnetic field has a certain inhomogeneity
scale RB, one can find that the change of the field direction on this distance scale
will lead to the loss of alignment between the trajectories of the γ-rays emitted by
particles accelerated in the gap and the magnetic field, so that the normal component
of the magnetic field becomes B⊥ ∼ B. We have calculated the magnetic field strength
at which the pair production on the distance scale RB can set on, by substituting B
instead of B⊥ in the estimate of Eq. 30 in numerical calculations. As a result, we have
found that the pair production can set on if the magnetic field strength is above the
threshold shown by a white dashed line in Fig. 8. One can see that in the case when
the magnetic field in the gap is aligned with the BH rotation axis, the pair production
on the distance scale of inhomogeneity of the magnetic fie can set on at the magnetic
field strengths, B ≥ 105 G.
Electromagnetic cascade which limits the height of the gap can be initiated by the
interactions of the γ-rays not only with the magnetic field, but also with soft infrared
photons emitted by the accretion flow. In order to estimate the importance of this
effect, one has to introduce additional assumptions about the radiative properties of
the accretion flow. Curvature γ-rays with the energies Eγ ∼ 1 TeV produce e+e− pairs
mostly in interactions with the infrared photons of the energies ǫ ≃ 1 [Eγ/1 TeV]−1 eV.
Taking into account that the pair production cross section peaks at the value σγγ ≃
10−25 cm2, one can find that the optical depth of the gap for the TeV γ-rays is
τγγ =
LIRσγγH
4πR2IRǫ
≃ 0.2
[
LIR|ǫ=1(Eγ/1 TeV) eV
1042 erg/s
] [
RIR
1016 cm
]−2 [
H
1014 cm
] [
Eγ
1 TeV
]
(32)
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Figure 9. Same as in Fig. 4 but for the case of acceleration of the iron nuclei.
Estimates of the optical depth of the gaps could be done if the constraints on the infrared
luminosity of the AGN central engine and on the size of the infrared emission region
are known from the observations, on the source-by-source basis (see e.g. [22, 24]). For
example, from the above estimate one can see that a gap of the height H ∼ RSchw ∼
3×1013 cm in the magnetosphere of aM ∼ 108M⊙ BH surrounded by the accretion flow
producing the infrared luminosity LIR ∼ 1042 erg/s in a region of the size RIR ∼ 100RSchw
would be not closed in result of the γγ pair production inside the gap, since τγγ < 1 in
this case.
6. Acceleration of heavy nuclei
Up to now we have considered the acceleration of protons. However, our results can be
generalized, in a straightforward way, to the case of acceleration of heavier nuclei, using
the equations of Section 3.2.
Heavy nuclei, like the fully ionized iron, could be accelerated to higher energies,
since their charge is Z > 1. However, nuclei with energies above 1020 eV are easily
disintegrated in interactions with the infrared background photons which are present
at the acceleration site, in the accelerator host galaxy, in the intergalactic space and
in the Galaxy. The secondary nucleons produced in the photon disintegration, have
the energy EN ≃ E/A. Taking this into account, one can find that, if the nuclei are
fully disintegrated, the assumption about the acceleration of nuclei does not result in
UHECR from polar caps in BH magnetospheres 25
101010
B [G]
42 103 105 6
U
H
EC
R
L 
   
  /
L
101010 17
10 18 19 20
10 21
2210
1010
M
 
Su
n
[  
    
    
]
M
 
109
108
107
106
pair production
Fe
MW
10
00
1
3
30
10
0
30
0
10
EM
10
6
10
10
1210
8
10
4
10
Cen A
Figure 10. Same as in Fig. 8 but for the case of acceleration of iron nuclei. The
masses of the BH in the center of the Milky Way and in the nucleus of Cen A are
marked by red horizontal lines. The white contours show the maximal energies of the
accelerated Fe nuclei (in eV). Cyan contours show the maximal energies of the γ-rays
emitted by the nuclei (in eV). White dashed line shows the limit at which the pair
production on the distance scale of inhomogeneity of the magnetic field sets on.
the increase of the estimate of the maximal energies of protons reaching the detector
on the Earth. E.g. the critical energy (per nucleon), at which the transition to the
loss-dominated regime of acceleration happens (see Eq. 18),
Ecrit,N ≃ Ecrit/A ∼ A1/3Z−2/3 (33)
scales as A1/3Z−2/3, the factor which is less than 1 for most of the primary nuclei. In the
case of acceleration in the curvature loss dominated regime, Ecur,N ≃ Ecur/A ∼ Z−1/4
does not depend on the atomic number A at all.
However, the assumption about full disintegration of the nuclei on the way from the
source to the observer on the Earth can be not valid in some particular cases. First, if
the energies of the Fe nuclei are around 1020 eV, the mean free path of the nuclei through
the extragalactic infrared photon background is ∼ 100 Mpc. This means that the nuclei
accelerated near the supermassive BH in the nearby galaxies can cover the entire distance
from the host galaxy to the Milky Way without being photo-disintegrated [52]. Next, if
the heavy nuclei are accelerated close to the supermassive BH in the center of the Milky
Way galaxy, they also can reach the Earth without being photo-disintegrated.
To verify if the heavy nuclei produced in a particular sources (supermassive black
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holes in the nearby AGN and normal galaxies) are likely to be photo desintegrated,
one could notice that e.g. in the case of iron nuclei, the photo-desintegration cross-
section, which peaks at a giant dipole resonance (Eres ∼ 10 − 30 MeV in the
nucleus rest frame) is close to the γγ pair production cross-section, σFe−γ ≃ 60(A −
Z)Z/A mbar·MeV/Eres . 10−25 cm2 [61, 62]. This means that the condition that
the optical depth of the source with respect to the photo-desintegration is less than
one imposes a constraint on the luminosity and/or size of the source, similar to the
constraint following from the condition τγγ < 1 (see Eq. (32)). Iron nuclei of the energy
EFe ∼ 1020 eV interact most efficiently with the far infrared photons of the energies
ǫFIR ≃ 3 × 10−2 [EFe/1020 eV]−1 eV, so that the restriction on the optical depth with
respect to the photo-desintegration imposes a constraint on the size and luminosity of
the source and of its host galaxy in the far infrared energy band.
The case of the acceleration of the heavy nuclei differs from the case of proton
acceleration in two important aspects: the higher mass of the nucleus (and, respectively,
lower Lorentz factor) result in the reduction of the rate of the curvature energy loss and
of the energies of the quanta of curvature radiation. Because of the lower energies of
the curvature radiation quanta,the pair production, which could limit the size of the
gap (see previous Section), sets on at higher values of the magnetic field. In addition,
the electromagnetic luminosity of a source accelerating nuclei to the energies ∼ 1020 eV
could be lower, than that of the source accelerating protons to ∼ 1020 eV.
Figs. 9 and 10 show the numerically calculated maximal energies of accelerated
particles and ratio of the electromagnetic to UHECR luminosity, as a function ofM,B, χ,
in the case of acceleration of Fe nuclei. The region of parameter space in which the
acceleration proceeds in the “loss free” regime (i.e. the estimate of the maximal energy
is given by Eq. 14) is the black triangle in the lower left corner of figure 10. One can
see that in spite of the moderate BH masses (down to M ∼ 107M⊙) and/or moderate
magnetic fields (down to B ∼ 103 G in the case of a 109M⊙ BH), the acceleration up to
the energies > 1020 eV is possible in this regime.
As an example, let us consider the particularly interesting case of particle
acceleration near the supermassive BH in the center of the Milky Way galaxy, which
hosts a BH of the mass M ∼ 3× 106M⊙ [53] (horizontal red line in Fig. 10). From Fig.
10 one can see that such a BH can accelerate iron nuclei up to the energies ∼ 1019 eV
if the magnetic field around it reaches B ∼ 5 × 103 G. The energy loss in this case is
much smaller then the power of the cosmic ray emission LEM/LUHECR = 5 × 10−4. Fe
nuclei with the energies 1018−19 eV produced in the Galaxy are assumed to dominate
the cosmic ray flux in this energy band in certain models explaining the “ankle” feature
of the cosmic ray spectrum [54]. In order to explain the observed cosmic ray flux at
1018 eV F (1018 eV) ≃ 200 eV/(cm2s sr) [3], the cosmic ray luminosity of a source in the
Galactic Center should be LFe ∼ 3×1036 erg/s (the luminosity can be still lower if the Fe
nuclei diffuse through the Galactic magnetic field). From Fig. 10 one can see that the
power of electromagnetic emission, which accompanies iron nuclei acceleration, could
be as low as LEM ≤ 10−3LFe, which is much less than the observed luminosity of the
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Galactic Center in the TeV band (∼ 1035 erg/s [55]). Of course, relaxing the assumption
of approximate alignment of magnetic field with the BH rotation axis would result in
a higher estimate of the electromagnetic luminosity. However, as it is clear from Eq.
28, even in the loss-saturated regime of particle propagation in the gap, the power
of electromagnetic emission increases by a factor of ∼ 10 as the inclination angle of
magnetic field increases from several degrees to χ ∼ 1. Thus, even in the absence of
alignment of the magnetic field, the electromagnetic emission which would accompany
acceleration of the iron nuclei to the energies ∼ 1018−19 eV close to the Galactic Center
BH would not be accompanied by significant electromagnetic emission.
7. Discussion and conclusions
In this paper we have considered proton and heavy nuclei acceleration in the vicinity
of the horizon of the supermassive BHs. We have shown that proton acceleration
by a large scale electric field induced by the rotation of the BH can result in the
production of cosmic rays with energies above 1020 eV, provided that the magnetic field
in the acceleration region is almost aligned with the BH rotation axis (to better than
few degrees, for a reasonable range of black hole masses and magnetic field strengths
108M⊙ ≤MBH ≤ 1010M⊙, 104 G ≤ B ≤ 106 G).
We have found that in a particular case of a rotating BH accreting through an
equatorial disk, the vacuum gaps, in which the large-scale electric field is not neutralized
by redistribution of charges, form above the polar cap regions of the BH (see Fig. 1). In
the case of magnetic field exactly aligned with the BH rotation axis, charged particles
from the equatorial accretion flow can not penetrate into the polar cap regions (and,
therefore, can not be accelerated). However, as soon as the magnetic field is mis-
aligned with the BH rotation axis, the charged particles which are initially injected
at large distances into the equatorial plane, drift along the equatorial plane toward
the BH, until they reach the region of ”reconnection” of the force-free surfaces close
to the BH horizon (Fig. 2). As soon as the particles from the equatorial plane
penetrate into the reconnection region, they ”leak” into the vacuum gaps above the
polar caps and are ejected to infinity with high energies. Numerical modeling of
particle transport and acceleration close to the BH has enabled us to calculate the
dependence of the maximal attainable energies of the accelerated particles, as well as of
the properties of electromagnetic emission produced by the accelerated particles on the
physical parameters, such as the BH mass M , the magnetic field B, the inclination of
the magnetic field χ and he gap height H (see Figs. 3, 4.2, 5, 6, 8).
We have found that if the magnetic field is aligned to within several degrees with
the rotation axis, the electromagnetic luminosity of the gap is just 10-50 times larger as
compared its UHECR (E > 1020 eV) proton luminosity. A simple estimate has led us
to a conclusion that the resulting electromagnetic luminosity of the gap is of the order
of the bolometric luminosity of a typical AGN in the local Universe, which makes the
central engines of the AGN plausible candidates for the astrophysical UHECR sources.
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In the case of acceleration of heavy nuclei, acceleration to the energy ≥ 1020 eV
is possible for a much wider range of BH masses and magnetic fields, without strong
requirement on alignment (see Fig. 9). In particular, even a BH of the mass ∼ 3×106M⊙
(like the one in the center of the Milky Way galaxy, [56]) can accelerate iron nuclei to the
energies above 1018 eV when the magnetic field is several hundred Gauss, in the regime
when the power of electromagnetic emission from the accelerator is negligible, compared
to its cosmic ray power. Similarly, the nearest AGN Centaurus A, which hosts a BH
with the mass ∼ 6× 107M⊙ [57] can produce Fe nuclei with the energies 1020 eV if the
magnetic field close to the BH horizon is above 3× 103 G. (see Fig. 10). It is important
to understand how often the strong alignment between the magnetic field and BH spin,
ζ < (several)◦, arises in AGN. This will help to discriminate between proton and heavy
nuclei at highest energies, E ≥ 1020 eV.
The energy spectra of cosmic rays produced by individual sources via the considered
particle acceleration mechanism are sharply peaked at nearly maximum energy, similarly
to the spectra of high-energy particles produced in linear accelerators. This feature can
potentially distinguish the presented mechanism from conventional shock acceleration
mechanism, which typically gives power law spectra dN/dE ∼ E−α with α ≥ 2. The
typical intrinsic spectra of the UHECR sources can be found with a higher statistics of
the UHECR events, N > 100 events at E > 60 EeV [58].
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